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The C. elegans spe-9 Gene Encodes a Sperm
Transmembrane Protein that Contains EGF-like
Repeats and Is Required for Fertilization
protein kuzbanian (Pan and Rubin, 1997). Definitive ge-
netic evidence that a sperm protein is required in vivo
for fertilization presently exists for only the sperm endo-
plasmic reticulum chaperone calmegin, which is re-
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(Ikawa et al., 1997). Consequently, a genetic approach
to identify novel proteins required for fertilization would
complement previous studies.Summary
The nematode worm Caenorhabditis elegans offers a
unique opportunity to define sperm components re-In thenematode worm C.elegans, individualswith muta-
quired for sperm-egg interactions. The powerful toolstions in the spe-9 gene produce spermatozoa with
of classical and molecular genetics developed for thewild-type morphology and motility that cannot fertilize
worm are not available or are very difficult to utilize inoocytes even after contact between gametes. There-
the organisms traditionally used for studying sperm±eggfore, disruption of spe-9 function affects either ga-
interactions. The ameboid sperm of C. elegans, despitemete recognition, adhesion, signaling, and/or fusion.
lacking an acrosome and flagellum, carry out the sameThe spe-9 gene encodes a sperm transmembrane
basic functions common to all spermatozoa. The repro-protein with an extracellular domain that contains
ductive biology of C. elegans facilitates the identificationten epidermal growth factor±like repeats. A common
of mutations that affect sperm and no other cells (re-feature of proteins that include epidermal growth fac-
viewed by L'Hernault, 1997). The worm exists primarilytor±like motifs is their involvement in extracellular
as a self-fertile hermaphrodite. Mutants that are sper-functions such as adhesive and ligand±receptor inter-
matogenesis-defective (spe) lay unfertilized oocytes andactions. Additionally, the overall structure of the pre-
are self-sterile. However, wild-type males can insemi-dicted SPE-9 protein is similar to that of ligands for
nate these Spe worms and permit the recovery of thesethe Notch/LIN-12/GLP-1 family of transmembrane re-
mutations from the resulting outcrossed progeny.ceptors. These results suggest that SPE-9 functions
In C. elegans, fertilization occurs in a specializedin the specialized cell±cell interactions required for
sperm storage structure known as the spermatheca.fertilization.
Contractions of the oviduct force an oocyte into the
spermatheca where a single sperm enters the egg (WardIntroduction
and Carrel, 1979; Schedl, 1997). The fertilized egg then
completes meiosis, secretes a shell, passes through theThe union of sperm and egg during fertilization requires
uterus, and is laid prior to hatching.a series of specialized cell±cell interactions that include
In this paper we describe the phenotypic and molecu-gamete recognition, adhesion, signaling, and fusion.
lar characterization of the spe-9 gene. spe-9 mutant
Much of what is currently known about sperm±egg inter-
worms produce sperm that exhibit wild-type morphol-
actions comes from experiments with echinoderms and
ogy and behavior, yet gamete contact within the sper-
mammals. After a spermatozoon has located an egg,
matheca does not result in fertilization. The spe-9 DNA
several binding steps must occur (Foltz and Lennarz,
sequence and expression pattern reveal that it encodes
1993; Yanagimachi, 1994; Snell and White, 1996). In sea
a sperm-specific transmembrane protein that consists
urchins, the sperm protein bindin mediates a species-
primarily of ten epidermal growth factor (EGF)±like re-
specific binding to the egg vitelline membrane (Foltz peats in its extracellular domain. The presence of the
and Lennarz, 1993). In mammals, sperm first bind to the
EGF-like repeats and the overall structure of the pre-
ZP3 glycoprotein component of the egg coat or zona
dicted spe-9 protein suggests that it is a cell adhesion
pellucida (Snell and White, 1996). The ZP3 binding pro-
and/or signaling molecule required for fertilization.
tein on sperm remains controversial. The best candidate
molecules to mediate this interaction include b-1,4- Results
galactosyltransferase (Miller et al., 1992) and zonadhe-
sin (Hardy and Garbers, 1995). Following penetration of spe-9 Mutants Are Sterile but Ovulate
the zona pellucida, a sperm surface protein called fertilin at Wild-Type Levels
is thought to bind integrins on the egg plasma mem- The isolation and initial characterization of the hc52 and
brane followed by gamete fusion and egg activation hc88 alleles of spe-9 are described in L'Hernault et al.
(Almeida et al., 1995). Fertilin defines a new family of (1988). Spermatogenesis-defective (spe) mutations are
proteins known as ADAMs (a disintegrin and metallopro- selected as hermaphrodites that cannot produce self-
tease) (Wolfsberg et al., 1995). Recently, ADAM proteins progeny but whose oocytes can be fertilized by wild-
have also been shown to participate in the maturation of type male sperm. Since these mutants display no addi-
receptor proteins by proteolytic cleavage (Blobel, 1997). tional phenotypes, it suggests that no other aspects of
For example, the Drosophila Notch receptor requires worm biology are altered. spe-9(hc52) and spe-9(hc88)
proteolytic processing that is dependent on the ADAM mutant hermaphrodites are self-sterile at 258C and have
wild-type broods at lower temperatures (Figure 1A). Ad-
ditionally, worms carrying the spe-9(hc52) mutation over*To whom correspondence should be addressed.
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Figure 1. spe-9 Mutant Worms Are Sterile but Ovulate at Wild-Type Rates
(A) Quantitation of hermaphrodite self-fertility.
(B) Quantitation of male fertility. Three males were mated to single hermaphrodites that were allowed to produce progeny for two days.
(C) Quantitation of ovulation rates. Two nonconditional alleles of spe-9 ovulate at close to wild-type levels. Mutants that do not produce
spermatids ovulate at a much lower rate.
(A±C) Progeny or oocyte counts of the indicated genotypes were performed on a minimum of 10 individuals or mates. (*) Data from L'Hernault
et al. (1988).
the noncomplementing deficiency hDf17 exhibit a tem- basal levels due to either defective or absent spermato-
genesis (Doniach and Hodgkin, 1984; L'Hernault et al.,perature-sensitive Spe phenotype (Figure 1A; data not
1988) (Figure 1C).shown). Since temperature-sensitive alleles are unlikely
to represent null mutations, we conducted a genetic
Sperm from spe-9 Mutants Are Indistinguishablescreen to isolate new alleles of spe-9. The spe-9(eb19)
from Wild-Type Spermand spe-9(eb23) mutations were recovered after ethyl
We examined the morphology of sperm isolated frommethanesulfonate treatment of worms by their failure to
both male and hermaphrodite worms in order to learncomplement spe-9(hc52). The forward mutation rate for
whether spe-9 mutants have visible defects in theirthis screen was about 3.9 3 1024 (1 in 2552). Mutant
sperm. Spermatozoa from spe-9 mutant males are indis-spe-9(eb19) hermaphrodites are self-sterile at all tested
tinguishable from wild-type spermatozoa when viewedtemperatures (Figure 1A). Mutant spe-9(eb23) hermaph-
by light microscopy (Figures 2A and 2B). The conversionrodites exhibit slight self-fertility at 168C and 208C but
of round, sessile, spe-9 spermatids to bipolar, motileare self-sterile when grown at 258C (Figure 1A). All four
spermatozoa (spermiogenesis) is identical to that ob-alleles of spe-9 are recessive.
served for wild-type spermatids (Figures 2A and 2B;In order to examine the effect of spe-9 mutations on
also see Shakes and Ward, 1989). spe-9 mutant her-male fertility, mutant male worms were tested for their
maphrodites also produce spermatozoa that exhibit noability to sire outcrossed progeny. All spe-9 mutant male
morphological defects when compared to wild-type
worms produce no or very few progeny when compared
spermatozoa. Figure 2C shows that spe-9 mutant her-
to wild-type males (Figure 1B). This lack of outcrossed
maphrodites properly deposit their sperm in the sperma-
progeny is not caused by an inability of mutant males
theca. Examination of individual cells reveals that her-
to mate. We observed spe-9 mutant males exhibiting maphrodite-derived spe-9 mutant sperm also display
wild-type mating behavior during the course of these no detectable morphological defects (Figure 2D).
experiments (Liu and Sternberg, 1995). Furthermore, Electron microscopy was used to examine spe-9
spe-9 mutant males are capable of transferring sperm sperm morphology at higher resolution. Figure 2E shows
to the hermaphrodite reproductive tract (see below). a spermatozoon from a spe-9 male worm that was ejacu-
In wild-type worms, spermatids or spermatozoa are lated into the reproductive tract of a fem-1 mutant worm
required in the reproductive tract for the worm to ovulate that has no endogenous sperm (Doniach and Hodgkin,
above basal levels (Figure 1C; J. McCarter and T. Schedl, 1984). The morphology of this spermatozoon is identical
personal communication). We found that spe-9 mutant to that of wild type. Additionally, this experiment demon-
worms ovulate at wild-type levels (Figure 1C). This is in strates that sperm are successfully ejaculated into the
contrast to mutants such as spe-4, spe-5, and fem-1 reproductive tract by spe-9 male worms where they will
subsequently undergo spermiogenesis in vivo.that do not produce mature sperm and ovulate at only
SPE-9 Is Required for Fertilization
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Figure 2. The Morphology of spe-9 Mutant Sperm Is Indistinguishable from Wild-Type Sperm
Activated spermatozoa from wild-type (A) and spe-9(hc52) (B) male worms appear identical.
(A±D) Arrows point at spermatozoa in Nomarski DIC images.
(C) A spermatheca dissected from a spe-9(eb19) hermaphrodite filled with sperm. Several oocytes had already passed this point in the
reproductive tract before dissection without being fertilized. The arrow points at a spermatozoon in the spermatheca.
(D) Spermatozoa from a spe-9(eb19) hermaphrodite exhibit wild-type morphology.
(E) Electron micrograph of a spermatozoon from a spe-9(hc52) male in the reproductive tract of a fem-1(hc17) hermaphrodite. The morphology
of this cell is identical to wild-type sperm. fem-1(hc17) mutant worms produce no sperm when raised at restrictive temperature. Therefore,
this sperm was transferred by a successful copulation.
(A±E) Worms were raised at 258C. Bars: (A±D) 10 mm, (E) 1 mm.
Sperm from spe-9 Mutants Can Migrate to the of maintaining their position in the reproductive tract
because a number of unfertilized oocytes were laid bySite of Fertilization in the Reproductive Tract
The experiment pictured in Figure 2E did not address this hermaphrodite prior to dissection. Furthermore,
these sperm must have come in contact with the passingthe issue of whether the migratory behavior of spe-9
sperm is thesame as wild type. After mating, male sperm oocytes without fertilizing them. In fact, we have ob-
served spe-9 mutant sperm in direct contact with oo-are deposited in the reproductive tract near the vulva
and must migrate the length of the uterus to the sperma- cytes with no fertilization taking place.
In order to investigate male-derived sperm motility,theca (Ward and Carrel, 1979). Additionally, both male
and hermaphrodite sperm must be motile in order to we utilized a sperm tracking technique developed in our
lab (Hill and S. W. L., unpublished). Male sperm canmaintain their position in the spermatheca against a
continual flow of oocytes. The spe-9 hermaphrodite be labeled by incubating worms in the fluorescent dye
SYTO 17. The sperm ejaculated by labeled males duringsperm in Figure 2C must be at least partially capable
Figure 3. spe-9 Mutant Sperm from Males
Can Migrate to the Spermatheca, the Site of
Sperm Storage and Fertilization in the Her-
maphrodite Reproductive Tract
Nomarski DIC images (A and C) and corre-
sponding fluorescent signal (B and D) within
the spermatheca of hermaphrodites. These
hermaphrodites were mated to wild-type (A
and B) or spe-9 (C and D) males that had been
labeled with the fluorescent vital dye SYTO
17. Arrows point to the position of the sper-
matheca where fluorescent label and thus
male sperm have accumulated. Hermaphro-
dites were anesthetized with NaN3 prior to
imaging.
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Figure 4. Molecular Cloning and Expression
of spe-9
(A) Genetic and physical map of the spe-9
region on linkage group I. Initial genetic map-
ping of spe-9 is described in L'Hernault et
al. (1988). The deficiency profile of spe-9 is
indicated below the thick line representing
the interval between lin-11 and unc-101. Defi-
ciency dxDf2 complements spe-9 while defi-
ciency hDf17 does not complement spe-9.
The genetic distance between lin-11 and
spe-9 is z4 map units and the distance be-
tween spe-9 and unc101 is z3 map units.
Expanded views below the genetic and defi-
ciency map are as follows: (top to bottom)
YAC clones, cosmid clones, and genomic
clones. The column on the right indicates
whether a clone can rescue the spe-9 mutant
phenotype (1) or not (2). The structure and
orientation of the spe-9 transcript is at the
bottom of the figure.
(B) Northern blot with a SacI-SpeI probe (see
[A]) detects an z2.1 kb transcript in him-
5(e1490) male worms that is not detected in
fem-1(hc17) (genetic females with no sperm;
Doniach and Hodgkin, 1984) worms. Each
lane was loaded with z20 mg of cesium chlo-
ride purified total RNA. In this experiment,
slightly more fem-1(hc17) RNA was loaded
than him-5(e1490) RNA as assayed by the
intensity of ethidium bromide staining of
rRNA.
copulation can be observed within the unlabeled, recipi- This period corresponds to the time during larval devel-
opment when spermatogenesis occurs (Hirsh et al.,ent hermaphrodites. Sperm from wild-type males accu-
mulate in the spermatheca (Figures 3A and 3B) where 1976). Third, the spe-9 transcript is detected only in
animals engaged in spermatogenesis (Figure 4B, seethey are capable of fertilizing passing oocytes. Sperm
from spe-9 mutant worms are also observed to localize below). Lastly, mosaic analysis taking advantage of the
random loss of a rescuing transgene (see Experimentalto the spermatheca (Figures 3C and 3D). These results
demonstrate that spe-9 mutant sperm are not only mo- Procedures), demonstrated that a wild-type copy of the
spe-9 gene is required only in the germ line for fertility.tile but also localize properly within the hermaphrodite
reproductive tract.
When male and hermaphrodite worms are mated, the spe-9 Encodes a Transmembrane Protein
male-derived sperm take precedence over the her- that Contains EGF-like Repeats
maphrodite-derived sperm and outcrossed progeny are We cloned the spe-9 gene in order to clarify further its
produced (Ward and Carrel, 1979). This suggests that function during fertilization. spe-9 maps to the approxi-
male-derived sperm have a competitive advantage over mate center of the interval between the two cloned
hermaphrodite sperm and this bias in fertilization helps genes lin-11 and unc-101 (Figure 4A; L'Hernault et al.,
to ensure outcrossing in a predominantly self-fertilizing 1988). The corresponding region of the physical map
species. We have found that spe-9 male worms can represents approximately 2 Mb of DNA and a gap of
suppress the fertility of mated hermaphrodites (A. S. unknown size (Coulson et al., 1991). We subsequently
and S. W. L., unpublished data). This result indicates mapped spe-9 to the region between the left break
that male-derived spe-9 sperm participate in sperm points of deficiencies hDf17 and dxDf2 (Figure 4A). YAC
competition in the absence of fertilization competence. and cosmid clones from this area were assayed by
germline transformation (Mello and Fire, 1995) for the
ability to complement spe-9(hc52) (Figure 4A). YAC, cos-spe-9 Function Is Required in Sperm
There are several lines of evidence suggesting that mid, and genomic clones that contained a complete
copy of spe-9 were able to fully rescue mutant hermaph-spe-9 function is required only in sperm. First, all alleles
of spe-9 cause mutants to display only the Spe pheno- rodite and male fertility (Figure 1A, data not shown).
Cosmid C17D12 contains an incomplete copy of spe-9type. Additionally, the putative null mutation spe-9(eb19)
in trans to a noncomplementing deficiency exhibits no and only partially rescued fertility (see Experimental Pro-
cedures). The spe-9 locus is contained within an approx-phenotypes other than cell-autonomous sperm-specific
sterility (Figure 1A). Second, worms carrying the temper- imately 5 kb SacI-SalI genomic fragment isolated from
the cosmid R12G2. The complete genomic sequence ofature-sensitive allele spe-9(hc88) are sterilized when ex-
posed to restrictive temperatures between 30 and 45 hr spe-9 was obtained by sequencing part of cosmid
R12G2 and using this information to link the sequenceafter embryonic development (L'Hernault et al., 1988).
SPE-9 Is Required for Fertilization
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Figure 5. Amino Acid Sequence and Struc-
tural Analysis of SPE-9
(A) The predicted amino acid sequence of
SPE-9. The signal sequence and transmem-
brane domain are in bold type. Amino acids
of the EGF motifs are underlined. Amino acids
altered by mutations associated with spe-9
alleles are bold and shaded.
(B) Schematic representation of SPE-9, asso-
ciated mutations, and comparison with re-
lated proteins. Motifs are indicated in the
boxed key. The locations and alterations of
specific mutations are indicated by arrows
above the diagram of the SPE-9 protein.
(C) Alignment of the ten EGF repeat motifs of
SPE-9 with a consensus derived from LIN-
12/GLP-1 and Delta (Tax et al., 1994). All con-
served amino acids are shaded. Conserved
cysteine residues are in bold type. Insertions
in the EGF motifs are indicated by a dash
before and after the sequence interruptions.
of cosmid F15D3 and cosmid C17D12 (provided by the relatively weak match was obtained primarily because
conserved EGF-like repeat motifs are found in both pro-C. elegans Genome Consortium).
A SacI-SpeI genomic fragment containing the spe-9 teins (Figure 5C). These EGF-like repeats are a defining
feature of Notch/LIN-12/GLP-1 class of receptors andgene was used as a hybridization probe for expression
studies and to isolate cDNA clones. Differential Northern their ligands (Artavanis-Tsakonas et al., 1995). Further-
more, the overall structure of SPE-9 is similar to theblot analysis revealed that the z2.1 kb spe-9 transcript
is expressed in male worms that are actively producing Notch/LIN-12/GLP-1 ligands Delta and Serrate from
Drosophila, APX-1 and LAG-2 from C. elegans, and thesperm while it is not detected in fem-1(hc17) worms
(Figure 4B). fem-1(hc17) mutant worms produce no Jagged proteins from mammals (Figure 5B; Kopczynski
et al., 1988; Fleming et al., 1990; Mello et al., 1994; Taxsperm (Doniach and Hodgkin, 1984). Eighteen cDNA
clones were recovered from a male-enriched library et al., 1994; Lindsell et al., 1995). All of these ligand
proteins have a similar topology with regards to the(Achanzar and Ward, 1997). The complete spe-9 coding
sequence was deduced from the longest cDNA clones signal sequence and transmembrane domain, they all
have a short cytoplasmic domain and some have inser-and PCR products generated directly from the cDNA
library (see Experimental Procedures). The spe-9 mRNA tions in the EGF-like repeats that are never seen in the
receptors. In contrast to these similarities, SPE-9 doesconsist of 16 exons (Figure 4A) and encodes a putative
transmembrane protein of 661 amino acids (Figures 5A not have a DSL (Delta±Serrate±LAG-2) domain (Tax et
al., 1994). The DSL domain is a partial or degenerateand 5B). The bulk of the extracellular domain consists
of ten cysteine-rich repeat motifs related to epidermal EGF repeat that is thought to be important for the ligand
function of these molecules (Tax et al., 1994; Artavanis-growth factor (Figure 5). EGF-like regions in proteins are
involved in extracellular functions such as adhesive and Tsakonas et al., 1995). SPE-9 also lacks a cysteine-rich
region that is seen in some DSL proteins (Figure 5B).ligand±receptor interactions (Davis, 1990).
The closest match to SPE-9 in the databases was the This motif has been proposed to modulate the affinity
of these ligands for their receptor or block homotypichuman Notch2 protein (Blaumueller et al., 1997). This
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interactions of the ligands from different cells (Fehon et surface of the egg. In both echinoderm and mammalian
fertilization, initial binding is required to induce subse-al., 1990; Rebay et al., 1991; Weinmaster,1997). Whether
or not SPE-9 functions in a manner that is similar to the quent responses required for fertilization (i.e., the acro-
some reaction) (Foltz and Lennarz, 1993; Snell andDSL proteins, its structure and conserved motifs are
consistent with it playing a role as a cell adhesion and/ White, 1996). Third, SPE-9 could be required for sperm
signaling to the egg. This signaling could prompt re-or signaling molecule during fertilization.
sponses such as egg activation, a release from meiotic
arrest and/or blocks topolyspermy (Yanagimachi, 1994).Sequences of spe-9 Mutant Alleles
Fourth,SPE-9 could berequired for the subcellular local-We sequenced DNA from mutant worms to confirm our
ization of othersperm surface proteins required for fertil-identification of the spe-9 coding region. The locations
ization. Mammalian sperm are known to have distinctof the mutations for all four spe-9 alleles were deter-
membrane domains that are defined by various surfacemined (Figures 5A and 5B). The two temperature-sensi-
antigens (Primakoff and Myles, 1983). Finally, SPE-9tive spe-9 alleles, hc52 and hc88, were missense muta-
could play a role in membrane fusion between gametes.tions. The hc52 allele is a G-to-A transition converting
A few possible functions seem less likely than othersthe codon for glycine 550 (GGG) to glutamic acid (GAG).
based on the structure of the SPE-9 protein (see below).hc88 is a G-to-A transition changing the codon for cyste-
For example, SPE-9 contains no regions that resembleine 258 (TGC) to tyrosine (TAC). Both cysteine 258 and
a membrane fusion peptide (White, 1992). Finally, manyglycine 550 are conserved amino acids of EGF-like re-
of the processes mentioned above may not be mutuallypeats number four and number nine respectively (Figure
exclusive. For instance, proteins such as the Notch re-5B). The two nonconditional spe-9 alleles, eb19 and
ceptor and integrins are thought to mediate both adhe-eb23, were nonsense mutations and are predicted to
sive and signaling functions (Greenspan, 1990; Clarkproduce truncated proteins (Figure 5B). The eb19 muta-
and Brugge, 1995).tion is a G-to-T transversion converting glutamic acid
151 (GAA) to an ochre stop codon (TAA). The eb23 muta-
tion is a C-to-T transition changing the codon for argi- SPE-9 May Function as a Sperm Ligand
nine 504 (CGA) to an opal stop codon (TGA). spe-9(eb23) during Gamete Interactions
mutants are slightly self-fertile at 168C and 208C (Figures We believe that the spe-9 gene encodes a sperm trans-
1A and 1B) indicating that some read through must oc- membrane ligand that mediates at least one of the sperm
cur at lower growth temperatures. functions described above with an as-yet-unidentified
receptor on the surface of oocytes. Most of the extracel-
lular domain of SPE-9 consists of ten cysteine-rich re-Discussion
peat motifs related to epidermal growth factor. At least
two of the EGF-like repeats are critical for SPE-9 func-spe-9 Is Required for Fertilization and Mediates
Gamete Interactions tion because two different spe-9 alleles result in single
amino acid substitutions in these EGF-like repeats. Fur-We have characterized the spe-9 gene both phenotypi-
cally and molecularly in order to gain an understanding thermore, the altered amino acids are highly conserved
and are likely to be important for the proper conforma-of its role in fertilization. Loss of spe-9 function causes
the production of sperm that are incapable of fertilizing tion of EGF-like domains (Figure 5) (Davis, 1990).
EGF-like modules are seen in a variety of proteinsoocytes even after gamete contact. When viewed by
light and electron microscopy, the morphology of these (for review, see Campbell and Bork, 1993; Davis, 1990).
Almost all EGF-like motif containing proteins can besperm is normal. Additionally, spe-9 mutant sperm can
induce wild-type levels of ovulation, can participate in categorized into four distinct groups. These groups in-
clude (1) growth factors and their precursors, (2) trans-sperm competition, are motile, and can locate theproper
location in the reproductive tract for fertilization. We membrane proteins (ligands, receptors, and adhesion
molecules), (3) extracellular matrixproteins, and (4) solu-have cloned the spe-9 locus and have shown that it
encodes a sperm transmembrane protein. Furthermore, blesecreted proteins. All of these typesof proteins share
a common involvement in extracellular functions. Pre-the overall structure of SPE-9 is reminiscent of ligands
for the Notch/LIN-12/GLP-1 family of transmembrane sumably, SPE-9 must also normally function on the sur-
face of sperm to interact with a substrate on the egg.receptors (see below). These results support the notion
that SPE-9 is involved in the specialized cell±cell interac- Of all of the classes of EGF-like sequence containing
molecules, the overall structure of SPE-9 is most similartions required for fertilization.
The mutant phenotype associated with spe-9 sug- to the transmembrane ligands and receptors. We can
furthercategorize the spe-9 protein as a transmembranegests that its gene product could possibly mediate sev-
eral different sperm functions during fertilization. First, ligand molecule. SPE-9 shares an overall structural simi-
larity with the Notch/LIN-12/GLP-1 ligands (Figure 5B)SPE-9 could be required for sperm to distinguish eggs
from other cells that they encounter in the reproductive (reviewed by Artavanis-Tsakonas et al., 1995). All of
these proteins have a short cytoplasmic domain thattract. We have observed spe-9 mutant sperm in direct
contact with passing oocytes and no fertilization oc- may help regulate signaling function (Sun and Artavanis-
Tsakonas, 1996). Additionally, the extracellular regioncurred. Perhaps these sperm cannot sense that they
are in contact with the egg and therefore they cannot of SPE-9 contains insertions in or next to the EGF-like
repeats that disrupt the regular spacing of these motifs.initiate subsequent functions required for fertilization.
Second, SPE-9 could be required for binding to the Inserts of this type are not seen in any of the Notch-like
SPE-9 Is Required for Fertilization
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Phenotypic Analysisreceptors (Fleming et al., 1997). It should be noted that
Hermaphrodite fertility and ovulation rates were determined by plac-the intracellular domains of these proteins and the in-
ing individual worms on separate culture plates and counting prog-sertions in the EGF-like repeats bear no sequence ho- eny and oocytes until worms stopped laying. Male fertility was deter-
mologies with each other. Finally, SPE-9 and the Notch/ mined by mating three male worms to a single hermaphrodite
LIN-12/GLP-1 ligands all share a similar topology with homozygous for the recessive morphological marker dpy-5. Her-
maphrodites were allowed to mate and lay eggs for two days. Non-regards to the signal sequence and the transmembrane
Dpy progeny were scored as outcrossed. In many experiments, thedomain. This topology leads to the display of the EGF-
mutation him-5(e1490) was used because it produces males at highlike repeats on the outer surface of the cell where they
frequency with no adverse effects on sperm (L'Hernault and Rob-
mediate cell±cell adhesion and signaling (Fehon et al., erts, 1995). Small-scale isolation, in vitro activation, and preparation
1990; Rebay et al., 1991; Lieber et al., 1992). In contrast of sperm for electron microscopy are described in L'Hernault and
Roberts (1995). Sperm tracking experiments will be described into these similarities, SPE-9 lacks a DSL domain (Figure
detail elsewhere (Hill and S. W. L., unpublished data). Male-derived5B) (Artavanis-Tsakonas et al., 1995). This domain is
sperm labeled by incubating worms in the fluorescent vitaldye SYTOpossibly a defining feature of all Notch ligands and has
17 (Molecular Probes) could be detected in the reproductive tract
been proposed to function in ligand±receptor interac- of unlabeled hermaphrodites after mating. daf-4(e1364) hermaphro-
tions. A missense mutation in the DSL domain of the dites were used as sperm recipients because they have decreased
gut granule autofluorescence relative to wild-type worms under rho-C. elegans lag-2 gene causes a strong loss-of-function
damine illumination. Similar sperm tracking experiments utilizing thephenotype (Henderson et al., 1994). This result along
dye Nile blue A were previously reported by Ward and Carrel (1979).with the apparent conservation of the DSL domain are
Mosaic analysis taking advantage of the random loss of the
the primary experimental evidence for the importance transgenic array Ex-Y47H9-D7 in the germ line or soma is described
of this motif. Alternatively, it is possible that SPE-9 could by Herman (1995).
interact with other proteins by a mechanism that is not
related to that of DSL proteins. SPE-9 also lacks a cyste- General Molecular Biology Procedures and Cloning of spe-9
ine-rich region that is seen in some DSL proteins (Figure Molecular biology techniques not described in detail can be found
in Sambrook et al. (1989). Initial mapping of the spe-9 locus to the5B) (Weinmaster, 1997). Cell aggregation studies have
interval between lin-11 and unc-101 on linkage group I was reportedled to the idea that this domain could influence ligand
in L'Hernault et al. (1988). Deficiency mapping localized spe-9 to
affinity for their receptors or block the homotypic inter- the left of dxDf2 and under hDf17. The left break point of dxDf2 is
actions of the ligand molecules on different cells (Fehon between cosmids TO8F3 and F15D3 (E. Lambie, personal communi-
et al., 1990; Rebay et al., 1991; Lieber et al., 1992; Wein- cation, our placement of spe-9). hDf17 extends from YAC clones
Y11H4 to Y45A5 (A. Rose, personal communication). YAC and cos-master, 1997). Homotypic interactions of SPE-9 be-
mid clones corresponding to this region (Coulson et al., 1986) weretween neighboring sperm would probably be detrimen-
obtained from A. Coulson (Medical Research Council, Cambridgetal to sperm function. Rather, we expect that the SPE-9
UK). These clones were then injected into adult spe-9(hc52) her-
protein should exhibit interactive preference for a sub- maphrodites as described in Mello et al. (1991). YAC and cosmid
strate on oocytes. clone DNAs were prepared for microinjection as described in Brown-
ing and Strome (1996). Transgenic lines were assayed for rescue ofThe Notch pathway is known to play a role in cell±cell
the spe-9 sterile phenotype at 258C. All rescuing lines had wild-typeinteractions that result in specific cell fate decisions
brood sizes with the exception of lines carrying cosmid C17D12.during the differentiation of many tissues in a variety of
The average brood for a transgenic line containing C17D12 was
organisms (Artavanis-Tsakonas et al., 1995; Fleming et larger (16 6 4) than untransformed spe-9(eb19) controls (0). C17D12
al., 1997; Weinmaster, 1997). There is no prior work contains an incomplete copy of the spe-9 gene and is missing all
sequence 39 to the codon specifying isoleucine 639. An approxi-indicating that a Notch-like signaling pathway plays a
mately 9 kb SpeI fragment of cosmid R12G2 was subcloned intorole during fertilization in any organism. Despite the dif-
the vector pBluescript II (Stratagene) and used as a source of DNAferences noted above, the structure of SPE-9 raises
for further microinjections and radiolabeled probes.
the intriguing possibility that a Notch-like pathway is We obtained the sequence of cosmid F15D3 and the partial se-
functioning during fertilization in C. elegans. Finally, it quence of cosmid C17D12 from the C. elegans Genome Project.
will be interesting to determine if SPE-9-like molecules We were able to determine that cosmid F15D3 and C17D12 form a
nonoverlapping contig by sequencing the corresponding region ofalso function during fertilization in other organisms.
the overlapping cosmid R12G2 with the primer ENDC1. This data
allowed us to assemble the complete genomic sequence of spe-9.
A radiolabeled SacI-SpeI probe was used for Northern hybridization
Experimental Procedures
and screening cDNA libraries. We obtained 18 clones from a cDNA
library derived from male-enriched populations (Achanzarand Ward,
Worm Strains, Culture, and Isolation of New spe-9 Alleles 1997). The largest five cDNA clones terminated 59 at the same nu-
The manipulation of C. elegans was largely as described by Brenner cleotide. However, these clones were not full-length because they
(1974). Wild-type is the strain N2. Genetic markers, deficiencies, lack an appropriate start methionine. The full-length coding se-
and balancer chromosomes used are listed according to linkage quence was determined by obtaining PCR products from the cDNA
groups as follows: LGI, dpy-5(e61), spe-4(hc78), spe-5(hc93), spe- library that extended further 59 using the primer pair EX3235 and
9(eb19), spe-9(eb23), spe-9(hc52), spe-9(hc88), unc-101(m1), dxDf2, TOPEND. The putative start methionine and flanking sequence
hDf17, hIn1; LGIII, daf-4(e1364); LGIV, fem-1(e1965), fem-1(hc17); closely match the translational start consensus (Krause, 1995). Poly-
LGV, him-5(e1490). Recovery and initial analysis of the ethyl meth- adenylation at the 39 end of the cDNA begins thirteen nucleotides
anesulfonate±induced mutants spe-9(hc52) and spe-9(hc88) are de- downstream of the poly(A) signal sequence (Krause, 1995). The
scribed in L'Hernault et al. (1988). Deficiencies dxDf2 and hDf17 structure of the spe-9 transcript was determined by a comparison
were provided by Eric Lambie (Dartmouth) and Ann Rose (University of our cDNA sequences with genomic sequences. Comparison of
of British Columbia), respectively. All other mutations are described SPE-9 to other proteins in the databases was conducted using
in Riddle et al. (1997). The ethyl methanesulfonate±induced muta- BLASTP analysis (Altschul et al., 1990). The predicted signal se-
tions spe-9(eb19) and spe-9(eb23) were isolated in an F1 screen by quence and transmembrane domain of SPE-9 were identified using
the algorithm of Kyte and Doolittle (1982). The alignment of the EGFtheir failure to complement spe-9(hc52).
Cell
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repeats was compiled manually based on the consensus for LIN- Fleming, R.J., Scottgale, T.N., Diederich, R.J., and Artavanis-Tsako-
nas, S. (1990). The gene Serrate encodes a putative EGF-like trans-12, GLP-1, and Delta (Tax et al., 1994).
membrane protein essential for proper ectodermal development inIn order to identify the lesions associated with spe-9 mutations,
Drosophila melanogaster. Genes Dev. 4, 2188±2201.PCR was used to amplify spe-9 sequences directly from worms as
described in L'Hernault and Arduengo (1992). The primers pairs Fleming, R.J., Purcell, K., and Artavanis-Tsakonal, S. (1997). The
used to amplify the spe-9 gene in three overlapping segments for NOTCH receptor and its ligands. Trends Cell Biol. 7, 437±441.
sequencing were SAL53-MID35, EX553-EX435, and EX953-UTR335. Foltz, K.R., and Lennarz, W.J. (1993). The molecular basis of sea
The sequences 59 to 39 of the primers used are as follows: ENDC1, urchin gamete interactions at the egg plasma membrane. Dev. Biol.
CTGGTTGCGTGCTTCGTCTC; EX3235, CAGTGACGGTTTTGGTCT 158, 46±61.
TCCAATC; TOPEND, AATGAATGTGATTCTGGTGTTGG; SAL53, CT Greenspan, R.J. (1990). The Notch gene, adhesion, and develop-
CACCACGACGCTATCGATCCG; MID35, GTTGAGTTACCGGGAGA mental fate in the Drosophila embryo. New Biologist 2, 595±600.
ATTGTGG; EX553, GACGATGACTGATGGATGGTG; EX435, CTCAT
Hardy, D.M., and Garbers, D.L. (1995). A sperm membrane proteinCATTGATACAGGTTCCATGGACGC; EX953, AGCGATGCCGATGAC
that binds in a species-specific manner to the egg extracellularCTGATG; UTR335, GGGACAGTCGTGTATTCGACA.
matrix is homologous to von Villebrand factor. J. Biol. Chem. 270,
26025±26028.
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